Nascent phagosomes must undergo a series of fusion and fission reactions to acquire the microbicidal properties required for the innate immune response. Here we demonstrate that this maturation process involves the GTPase Rab7. Rab7 recruitment to phagosomes was found to precede and to be essential for their fusion with late endosomes and/or lysosomes. Active Rab7 on the phagosomal membrane associates with the effector protein RILP (Rab7-interacting lysosomal protein), which in turn bridges phagosomes with dyneindynactin, a microtubule-associated motor complex. The motors not only displace phagosomes in the centripetal direction but, strikingly, promote the extension of phagosomal tubules toward late endocytic compartments. Fusion of tubules with these organelles was documented by fluorescence and electron microscopy. Tubule extension and fusion with late endosomes and/or lysosomes were prevented by expression of a truncated form of RILP lacking the dynein-dynactin-recruiting domain. We conclude that full maturation of phagosomes requires the retrograde emission of tubular extensions, which are generated by activation of Rab7, recruitment of RILP, and consequent association of phagosomes with microtubule-associated motors.
FIG. 1. Role of Rab7 in phagolysosome fusion and acidification. RAW cells were preloaded with Texas Red-dextran as a marker of lysosomes and late endosomes and were transfected with Rab7-EGFP. Phagocytosis was initiated by addition of IgG-opsonized latex beads (time zero), and the reaction was monitored in live cells by confocal fluorescence (main panels) and DIC microscopy (insets). (A through F) Cells were transfected with wild-type Rab7-EGFP, and images were acquired at the times indicated. Green (Rab7) fluorescence (A, C, and E) and the corresponding red (dextran) fluorescence (B, D, and F) are shown. Panels A and B show representative Rab7-EGFP and dextran labeling in a resting cell prior to phagocytosis. White arrowheads point to Rab7-or dextran-labeled phagosomes, while outlined arrows point to unlabeled phagosomes. Adherent, noninternalized beads were identified by staining with a Cy5-conjugated anti-human antibody. (G) The fraction of Rab7wt-or dextran-positive phagosomes was scored, and data for 50 cells from three experiments are summarized. (H and I) Cells transfected with dominant-negative (T22N) Rab7-EGFP were allowed to ingest particles, and images were acquired at 50 min. Insets show an overlay of green fluorescence and DIC images. A longer exposure was used in panel I to confirm the absence of phagosomal labeling. The fraction of dextran-positive phagosomes in Rab7(T22N)-transfected cells was scored and is summarized in panel G. (J) Staining of phagosomes with LysoTracker Red was scored over a 50-min time course. The percentage of Rab7(T22N) phagosomes containing LysoTracker Red is also shown. Data for Rab7(T22N) phagosomes in panels G and J are means Ϯ standard deviations for 30 cells from three experiments. Bars, 10 m.
were exposed to LysoTracker Red (50 nM) in DMEM for 2 h prior to phagocytosis and imaging.
Sheep RBC and polystyrene beads were opsonized as described elsewhere (31) . To induce phagocytosis, RAW cells were exposed to opsonized particles (approximately 5 particles/macrophage) in DMEM-FBS at 37°C for 10 min. Unbound particles were washed off, and cells were incubated for a further 50 min, unless otherwise indicated. To identify opsonized polystyrene beads that were not internalized, the samples were incubated at 4°C with Cy5-labeled donkey anti-human IgG (1:1,000) for 10 min immediately following fixation. Total RBC were stained after permeabilization with a Cy3-conjugated anti-rabbit antibody.
Immunofluorescence and confocal microscopy. Following phagocytosis, RAW cells were washed with phosphate-buffered saline (PBS) and fixed with 4% paraformaldehyde in PBS for 15 min at room temperature. Dextran-containing cells were used immediately for imaging. Immunostaining was performed by permeabilization with 0.1% Triton X-100 in PBS containing 100 mM glycine for 20 min before blocking for 1 h with 5% FBS in PBS. For p50-dynamitin and p-150 glued immunostaining, cells were fixed with methanol (at Ϫ20°C) for 10 min, followed by blocking in 5% defatted milk. Staining with primary antibodies was carried out for 1 h at room temperature in PBS containing 1% FBS. Following washing, samples were incubated with appropriate Cy3-conjugated secondary antibodies (1:1,000). For live-cell analysis, coverslips were mounted in a stainless steel chamber and maintained at 37°C with a stage incubator. Images were acquired every 10 or 20 s for periods up to 1.5 h. Samples were analyzed by differential interference contrast (DIC) and fluorescence confocal microscopy using a Zeiss LSM 510 microscope with a 100ϫ oil immersion objective. EGFP, cyan fluorescent protein (CFP), yellow fluorescent protein (YFP), Cy5, and Cy3 were examined by using the conventional laser excitation lines and filter sets. At least 30 cells were quantified for each condition in each experiment. Student's two-tailed t tests were performed to assess the significance of differences. Data shown represent means and standard deviations from triplicate experiments.
Electron microscopy. RAW cells were loaded with dialyzed albumin labeled with 10-nm-diameter colloidal gold particles (A 520 , 1.0) and were chased overnight to ensure lysosomal localization. The cells were then allowed to internalize IgG-opsonized RBC, and after 50 min they were fixed in 2% glutaraldehyde in 0.1 M Sorenson's phosphate buffer, pH 7.2, for 5 min before being scraped off the coverslip and centrifuged. Fixation was continued at room temperature for a further 2 h. Cells were then postfixed in 1% OsO 4 in phosphate buffer at room temperature for 2 h, stained en bloc for 1 h with 1% uranyl acetate in H 2 O, and then dehydrated and embedded in Epon resin (EMbed-812; Electron Microscopy Sciences). Sections (thickness, 70 to 80 nm) were collected on copper grids and stained with uranyl acetate and lead citrate. Sections were viewed using a Philips CM 100 electron microscope, and images were captured using a Kodak Megaplus camera, model 1.6i.
RESULTS
Rab7 is required for phagolysosome formation and acidification. The kinetics of association of Rab7 with the phagosome and its relationship to phagolysosome formation were studied using confocal fluorescence microscopy. RAW 264.7 macrophages were transfected with EGFP-tagged Rab7, and their late endocytic organelles (mainly lysosomes) were labeled by preloading with Texas Red-conjugated dextran. An overnight chase period was included in the protocol to ensure that dextran trapped in early endosomes was cleared by recycling and/or delivery to late endosomes and especially lysosomes. Prior to phagocytosis, Rab7 was observed lining dextran-containing vesicles as well as numerous other vesicles likely rep- resenting earlier compartments of the endocytic pathway, including late endosomes ( Fig. 1A and B) . Fc␥ receptor-mediated phagocytosis was initiated by addition of IgG-opsonized latex beads (time zero). As shown in Fig. 1 , Rab7 is acquired by the phagosomal membrane within minutes of particle ingestion; 10 min after initiation of phagocytosis, more than 50% of phagosomes contained Rab7 (Fig. 1C , E, and G). By contrast, significant acquisition of late endosome and lysosomal contents was apparent only after 20 min and reached 50% only after 30 min. Thus, Rab7 acquisition appears to precede fusion of phagosomes with late endosomes and/or lysosomes. Note that Rab7 acquisition precedes the displacement of phagosomes from the periphery toward the center of the cell. The temporal sequence described above suggests that Rab7 may play a causal role in the formation of phagolysosomes. This notion was tested by transfecting the macrophages with Rab7(T22N), a mutant form of Rab7 with reduced affinity for GTP, which is known to exert a dominant-negative effect. Rab7(T22N) was found largely in the cytosol of RAW cells and never accumulated on the phagosomal membrane ( Fig. 1H and I, insets). The phagocytic ability of the cells was unaffected by expression of Rab7(T22N) (data not shown), but we noted that dextran-containing compartments were more peripheral and often smaller in the transfectants, as reported previously (6) . More importantly, the dominant-negative mutant greatly depressed the rate of phagolysosome formation ( Fig. 1H and I ). When measured after 50 min, phagolysosomal fusion reached 62.2% in control cells but was only 10.1% in cells expressing Rab7(T22N) (Fig. 1G ). Failure to fuse in dominant-negative transfectants was noted even when longer photographic exposures were used (Fig. 1I ) and was therefore understood not to be an artifactual consequence of the lower content of fluid phase marker noted in some cells. We also quantified the effect of Rab7(Q67L), a constitutively active form of Rab7, on the fusion of late endosomes and lysosomes with phagosomes. There was no significant effect of the active Rab7 on the rate of phagolysosome fusion; after 10 min, lysosomal dextran was detectable within phagosomes in 14.1% Ϯ 2.7% of control and 16.3% Ϯ 3.9% of Rab7(Q67L)-transfected cells. Hence, the availability of active Rab7 is not the rate-limiting step in the fusion cascade.
Phagosomes undergo a gradual yet profound acidification during the course of maturation (20) . This results from progressive acquisition of vacuolar-type ATPases by fusion of the phagosome with acidic endomembrane compartments. Maximal acidification requires fusion with lysosomes, which are richly endowed with ATPases. We monitored acidification by confocal analysis in live Rab7-transfected cells and determined that acquisition of the GTPase preceded LysoTracker Red accumulation in the phagosome (Fig. 1J) . We measured the effect of Rab7(T22N) on phagosomal acidification by using a membrane-permeant acidotropic probe. The accumulation of LysoTracker Red was negligible at early times and was very modest 50 min after particle ingestion (Fig. 1J ). Although precise determinations of the absolute pH was not undertaken, it is apparent that functional Rab7 is required for optimal phagosomal acidification. Jointly, these experiments indicate that Rab7 is an essential component in the maturation of phagosomes. Our results with mammalian phagocytes differ from those obtained with Dictyostelium, where acidification of the phagosome is transient (25) . In those cells, impairment of Rab7 did not prevent the initial acidification but accelerated its dissipation (25) . Moreover, while acquisition of lysosomal glycosidases was blocked by inhibitory Rab7, cysteine proteases were appropriately delivered to the Dictyostelium phagosome. Thus, while Rab7 may play similar roles in mammalian and Dictyostelium cells, some differences exist between these systems. RILP, a Rab7 effector, associates with phagosomes. We proceeded to investigate the mechanism whereby Rab7 may contribute to phagosomal maturation. To our knowledge, only one effector protein of Rab7 has been identified to date, namely, RILP (7, 19) . We studied the distribution of RILP in macrophages by transfection of a RILP-EGFP chimeric construct. As reported recently (7, 19) , RILP is found on the membranes of late endosomes and/or lysosomes, and its ectopic expression promotes the clustering of these organelles near the microtubule-organizing center (MTOC) (Fig. 2) . Shortly after particle ingestion, RILP was also found on the phagosomal membrane ( Fig. 2A) . As discussed in detail below, RILP-positive phagosomes often extended tubular processes in a retrograde direction ( Fig. 2A, t ϭ 30) . The acquisition of RILP was apparent within minutes of the association of Rab7 with the phagosomes (Fig. 2B) . We therefore tested whether Rab7 was required for recruitment of RILP. As shown in Fig. 2C and D, transfection of the cells with Rab7(T22N) precluded association of RILP with the phagosomes. Whereas 73.5% of control phagosomes acquire RILP after 50 min, RILP was never detectable when the dominant-negative Rab7 was coexpressed. Thus, RILP is recruited to phagosomes by active Rab7. We also quantified the effect of constitutively active Rab7 on RILP acquisition, using YFP-and CFP-tagged constructs. After 10 min 22.2% Ϯ 6% and 36.7% Ϯ 4.7% of phagosomes acquired RILP in cells transfected with wild-type Rab7 and Rab7(Q67L), respectively. Clearly, constitutively active Rab7 enhances the phagosomal recruitment of RILP:
RILP is required for phagolysosome formation. We employed a truncated form of RILP, unable to bind to downstream effectors, to assess its possible role in the formation of phagolysosomes. Transfection of wild-type RILP had only a modest effect on phagolysosome fusion (Fig. 3A, B , and E), though a significant inhibition was observed in cells expressing large amounts of the protein (data not shown). As RILP is proposed to stabilize activated Rab7 on late endosomes and lysosomes (7, 19) , this effect may be due to depletion of the cytosolic Rab7 pool, reducing its availability for interaction with phagosomes. Truncated RILP (RILP-C33-EGFP) was acquired by phagosomes to an extent that was comparable to that of full-length RILP (data not shown). However, in contrast to the full-length effector, even moderate expression levels of RILP-C33 greatly inhibited the fusion of phagosomes with late endosomes and lysosomes (Fig. 3C to E) . After 50 min, only 12.4% of the phagosomes contained a late endosomal or lysosomal marker in cells expressing RILP-C33.
The inhibitory effect of RILP-C33 is exerted downstream of Rab7. This was concluded from experiments where the truncated form of RILP tagged with CFP was expressed jointly with the constitutively active mutant of Rab7 tagged with YFP (Fig.  3F) . The inhibition of phagolysosomal fusion persisted under these conditions (Fig. 3G) , implying that RILP-C33 was producing inhibition not by preventing the activation of Rab7 but instead by precluding its effector action. These experiments also suggest that the truncated RILP was not acting by scavenging endogenous Rab7 from the cytosolic pool, since overexpression of the active Rab7 failed to overcome the inhibition.
RILP promotes centripetal migration of phagosomes. During the course of maturation, phagosomes migrate from the cell periphery to the vicinity of the MTOC. This centripetal motion was reported to reach speeds of 0.2 to 1.5 m/s (4), suggestive of microtubule motor-mediated translocation. RILP is likely to participate in this process, considering its ability to interact both with Rab7, a phagosome-associated protein, and (indirectly) with dynein, a microtubule-associated motor. In accordance with this prediction, acquisition of RILP coincided with phagosomal movement towards the perinuclear region, and 50 min after formation, phagosomes decorated with RILP-EGFP were almost always found adjacent to the MTOC (Fig.  4A) . By contrast, phagosomes bearing the truncated RILP-C33 were more often found randomly in the cell periphery, away from the MTOC (Fig. 4B) . To more quantitatively assess the role of RILP in phagosome migration, we used small latex beads (diameter, 0.8 m) and precisely located the MTOC by using an antibody to ␥-tubulin (Fig. 4C) . The distance separating the beads from the MTOC was measured at different time points after phagocytosis, and the data are summarized in Fig. 4E . Expression of exogenous full-length RILP induced a moderate but significant acceleration of the beads towards the MTOC. Conversely, the truncated RILP reduced the rate of centripetal translocation of the beads. The impaired ability to move towards the MTOC is most likely the result of a failure of the phagosomes to recruit the dynein-dynactin complex. As shown in Fig. 4F , one of the components of this complex, p50-dynamitin, is readily observable on the surface of phago- somes transfected with full-length RILP but is not detectable when the cells express RILP-C33 (Fig. 4G) . Similar results were obtained using antibodies to p150-glued, another component of the dynactin complex (data not shown).
To verify that the retrograde displacement of phagosomes results from the activity of dynein, we overexpressed p50-dynamitin-EGFP. Overexpression of the wild-type protein has been shown to arrest dynein-mediated organellar motion by uncoupling the motor from its targets (21) . Overexpression of dynamitin often displaced both phagosomes and late endocytic compartments towards the periphery of the cells, away from the MTOC (Fig. 5A) .
By promoting the apposition of phagosomes and late endosomes and/or lysosomes, Rab7-RILP may favor their interaction and ultimately their fusion. This prediction was also tested by overexpressing dynamitin and measuring the appearance of late-endosome or lysosomal markers in the phagosomal lumen. Uncoupling the dynein-dynactin complex with excess dynamitin significantly inhibited phagolysosome fusion (Fig. 5A, B , and F). This suggests that retrograde migration of phagosomes and/or late endocytic organelles along microtubules facilitates their fusion. This conclusion was confirmed by altering phagosome migration by using colchicine to disrupt the microtubules. As illustrated in Fig. 5C and D and summarized in Fig.  5F , the microtubule-depolymerizing agent clearly reduced the efficiency of phagolysosomal fusion, in agreement with earlier findings (12) . Lumicolchicine, a chemical analog of colchicine that lacks the microtubule-depolymerizing effects (Fig. 5E) , did not alter phagosome maturation (Fig. 5F ). Of note, colchicine did not prevent the association of RILP with the phagosomal membrane, implying that disruption of microtubules did not interfere with signaling events leading to Rab7 recruitment and activation.
Dynamitin overexpression not only uncouples dynein from its cargo but also alters MTOC function and the arrangement of microtubules ( (21) (Fig. 5E) . To validate the hypothesis that inhibition of phagolysosome formation resulted from the former and not from the latter effect, we compared the effects of dynamitin with those of the CC2 (coiled-coil 2) domain of p150-glued. This CC2 domain similarly alters microtubule ar- (21) (Fig. 5E ) yet lacks the motor-uncoupling effect that dynamitin exerts on endomembranes. Overexpression of the CC2 domain did not significantly decrease late-endosome or lysosomal fusion with the phagosome (Fig. 5F ), suggesting that the effects of dynamitin on phagolysosomal fusion are unrelated to the disruption of microtubule organization. Phagosomes emit tubular projections that fuse with late endosomes and/or lysosomes. To better understand the mechanism whereby RILP promotes phagolysosomal fusion, we undertook a detailed temporal analysis using fluorescence and DIC microscopy. As intimated earlier, we frequently saw RILP-positive tubules extending from phagosomes towards the MTOC, where late endosomes and/or lysosomes were clustered. A typical example is shown in Fig. 6 , where the progressive elongation of RILP-containing tubular structures was monitored over time. Note that the tubular extensions almost always formed in the direction of the MTOC and were rarely centrifugal. The properties of such tubules were quantified in 20 similar time lapse experiments and are summarized in Fig.  6C . Tubules were seen to extend from phagosomes in practically every cell analyzed. The tubules were first apparent Ϸ6 min after RILP was acquired by the phagosome, and 71% of them were directed towards the MTOC. The speed of tubule elongation averaged 0.3 m/s. Together with the preferential displacement towards the MTOC, the elongation speed is consistent with mediation by microtubule-associated motors, likely To study the possible interaction between the tubules emitted by phagosomes and lysosomes, we preloaded the latter with a red fluorescent lysosomal marker and transfected the cells with RILP-EGFP (Fig. 7) . A typical example is shown in Fig.  7A to F, where a macropinosome had been formed along with a phagosome. Following the formation of the RILP-containing protrusions, late-endosome or lysosomal markers became detectable in the lumen of the organelles. This is more clearly apparent in the case of the macropinosome because of its larger aqueous volume (Fig. 7F) . However, close inspection of the thin rim of solution lining the bead revealed that fusion had occurred in the case of the phagosome also (Fig. 7F inset) . The temporal sequence of events is better defined in Fig. 7G to J, where a longer protrusion was formed that reached around the nucleus towards the lysosomal cluster. Note that at 14 min, only a short tubule had extended (Fig. 7G ) and no dextran was detectable in the phagosome. By 16 min, the tubule had extended considerably, yet very little late-endosomal or lysosomal dextran had reached the phagosome. Shortly thereafter, however (t ϭ 19 min), dextran had clearly been delivered to the phagosome, despite the fact that most of the late endosomes and/or lysosomes remained clustered near the MTOC, away from the phagosome. We cannot exclude the possibility that late endosomes or lysosomes may have moved centrifugally, perhaps at a different focal plane, to fuse with the phagosome. However, observation of multiple events of this sort leads us to suggest instead that the phagosomal extension reaches and fuses with late-endocytic organelles near the MTOC, serving as FIG. 8 . Transmission electron microscopy of phagosomal tubules. The late-endosomal-lysosomal compartment of RAW cells was labeled by pulsing with colloidal gold-conjugated albumin, followed by an overnight chase. The cells were then allowed to internalize IgG-coated RBC, and after 50 min, they were fixed and processed for transmission electron microscopy. Micrographs show the presence of tubules extending from phagosomes. The tubules are often oriented towards the nucleus (NUC) and in the vicinity of electron-dense lysosomes (L). Some of the tubules contain gold-labeled particles (arrows). In panel E the tubule has seemingly fused with a multivesicular body. Bars, 0.2 m.
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at Univ of Toronto on July 4, 2007 mcb.asm.org a conduit for the delivery of late-endosome and lysosomal contents. Moreover, overexpression of inhibitory (headless) kinesin constructs which impair the centrifugal movement of lysosomes did not prevent phagolysosome formation (data not shown).
We also documented the tubulation of phagosomes and their interaction with late endosomes and lysosomes by electron microscopy (Fig. 8) . To this end, we preloaded late endosomes and lysosomes with colloidal gold-labeled albumin. Despite the use of normal fixation protocols, known to induce shrinkage and/or fragmentation of tubular structures, we nevertheless were able to observe numerous tubular structures protruding from phagosomes. Gold-labeled particles were often found in such tubules, which occasionally merged with electron-dense structures (Fig. 8E) . Of note, these experiments were performed using untransfected RAW cells, implying that ectopic (over)expression of RILP is not required for tubule formation.
DISCUSSION
Centripetal displacement of phagosomes had been documented earlier (12, 29) , and the involvement of microtubules and dynein was suggested by in vitro experiments where isolated phagosome motility was reconstituted in a cell-free system (5). However, the machinery linking phagosomes to microtubules had not been identified. Here we show that interaction of phagosomes with dynein requires functional RILP and that the latter is recruited to the phagosomal membrane by active, GTP-bound Rab7.
Several lines of evidence suggest that the Rab7-RILP complex is important not only for phagosomal displacement but also for successful phagolysosomal fusion. Firstly, recruitment of Rab7 by phagosomes was found to precede and to be essential for optimal fusion with lysosomes and other late-endocytic organelles (Fig. 1) . Secondly, phagosomal association of RILP, which follows shortly after Rab7 recruitment, was also FIG. 9 . A model of the role of Rab7-RILP in phagolysosome formation. Following internalization, the early phagosome acquires Rab7 either from a soluble pool and/or by fusion with Rab7-containing endosomes. Rab7-GTP then recruits RILP, which in turn promotes dynein-dynactin association with the phagosome. This complex mediates retrograde movement of phagosomes along microtubules towards the MTOC and in addition promotes the formation of tubular extensions which fuse with late endosomes and lysosomes. Eventually, phagosomes and late endosomes and/or lysosomes merge into a single hybrid organelle. essential for fusion with late-endocytic compartments (Fig. 3) . Thirdly, tubular extensions were detected to protrude from phagosomes in the direction of the MTOC, where they connected to late endosomes and lysosomes, providing a conduit for delivery of late-endocytic contents to the phagosomal lumen. The proposed centripetal extension of tubules from the phagosome may be related to the ability of late endosomes and/or lysosomes to form a tubular network in macrophages (22) . These events are summarized in the diagram presented in Fig. 9 . The model differs somewhat from the "kiss-and-run" hypothesis (12) , which proposes that luminal contents are delivered to phagosomes by brief, transient interactions with endosomes and lysosomes. We have observed tubules that seemingly remain connected to phagosomes for many seconds after delivery of late-endosomal or lysosomal contents has occurred. Thus, only long, ardent kisses are compatible with the "kissand-run" hypothesis. The observation that fusion of phagosomes with late endosomes and lysosomes occurs, at least in part, via thin tubular extensions also seems to differ from the model recently proposed for yeast vacuoles, where large areas of apposition of membranes along a vertex are seemingly required for the fusion event (32) . It therefore appears that multiple modes of fusion may exist in different systems. Dynein has been proposed to exert a fusogenic effect per se, as microtubule motor action causes membrane deformations that may facilitate membrane coalescence (8, 24) . However, it would be premature to assign all the fusogenic effects of Rab7 to the motor activity associated with RILP. While RILP is the sole effector of Rab7 described to date, there is precedent for the existence of multiple effectors for other Rab family members (27) , and other Rab7-associated proteins are likely to be discovered in the future. In this regard, it is noteworthy that while pretreatment with wortmannin was recently reported to preclude phagolysosome fusion (14, 31) , binding of Rab7 and RILP to the phagosomes was only modestly affected (data not shown). This implies that completion of fusion requires additionally one or more events that depend on the activity of class I or III phosphatidylinositol 3-kinase. These may represent other effectors of Rab7 or, alternatively, parallel synergistic pathways, perhaps involving delivery or priming of SNAREs. It is tempting to speculate that the tips of the tubules that extend from phagosomes contain not only Rab7 and RILP but also activated components of the fusogenic machinery.
An unexpected by-product of our experiments was the realization that macropinosomes, which are often formed during the stimulation of phagocytes, also recruit Rab7 and RILP and extend tubules that connect with late endosomes and lysosomes. This observation is of particular significance because certain forms of phagocytosis, such as the engulfment of apoptotic bodies triggered by phosphatidylserine receptors, are thought not to proceed by "zippering," as postulated for Fc␥ receptors, but instead to be akin to macropinocytosis (17) . Our observations predict that migration along microtubules and fusion with late-endocytic organelles would occur by similar mechanisms in these systems.
Impairment of Rab7 function limited the degree of acidification of the phagosomal lumen. Incomplete acidification is also a well-established feature of phagosomes that contain virulent mycobacteria or Salmonella enterica serovar Typhimurium (10, 11) , which raises the possibility that similar mechanisms may be involved in both instances. There is an ongoing debate as to whether Rab7 is present in phagosomes containing live mycobacteria (9) or is excluded by a mechanism that arrests maturation at the Rab5 stage (30) , and a similar discrepancy exists regarding Salmonella (see references 16 and 26) . If, as the more recent reports seem to indicate, Rab7 is indeed present in the bacterial phagosomes, association with RILP may be used to assess its state of activation and whether bacterial factors have impaired maturation by preventing the centripetal displacement of the phagosomes or the projection of fusogenic tubules.
